The quartz crystal microbalance (QCM) is a simple, cost effective, high-resolution mass sensing technique, based upon the piezoelectric effect. As a methodology, the QCM evolved a solution measurement capability in largely analytical chemistry and electrochemistry applications due to its sensitive solution-surface interface measurement capability. The technique possesses a wide detection range. At the low mass end, it can detect monolayer surface coverage by small molecules or polymer films. At the upper end, it is capable of detecting much larger masses bound to the surface. These can be complex arrays of biopolymers and biomacromolecules, even whole cells. In addition, the QCM can provide information about the energy dissipating properties of the bound surface mass. Another important and unique feature of the technique is the ability to measure mass and energy dissipation properties of films while simultaneously carrying out electrochemistry on solution species or upon film systems bound to the upper electrode on the oscillating quartz crystal surface. These measurements can describe the course of electropolymerization of a film or can reveal ion or solute transport within a film during changes in the film environment or state, including the oxidation state for an electroactive film driven by the underlying surface potential. The past decade has witnessed an explosive growth in the application of the QCM technique to the study of a wide range of molecular systems at the solution-surface interface, in particular, biopolymer and biochemical systems. In this report, we start with a brief historical and technical overview. Then we discuss the application of the QCM technique to measurements involving micellar systems, self-assembling monolayers and their phase transition behavior, molecularly imprinted polymers, chemical sensors, films formed using the layer-by-layer assembly technique, and biopolymer films and point out the utility of the electrochemical capabilities of the technique to characterizing film properties, especially electroactive polymer films. We also describe the wide range of surface chemistries and attachment strategies used by investigators to bring about surface attachment and multi-layer interactions of these thin film systems. Next we review the wide range of recent applications of the technique to: studies of complex biochemical and biomimetic systems, the creation of protein and nucleic acid biosensors, studies of attached living cells and whole cell biosensor applications. Finally, we discuss future technical directions and applications of the QCM technique to areas such as drug discovery.
Introduction
The development of new measurement techniques represents one of the major driving forces in biotechnology that positively impacts related research areas such as polymer characterization and biochemistry and is critical to the evolution of the pharmaceutical, biotechnology, and biomaterials industries. Indeed, the growing confluence of the previously unrelated disciplines of robotics, miniaturization to the micro and nano scales, and signal transduction mechanisms applied to array technologies on surfaces combined with informatics has created a rapidly developing measurement technology area. 1 Some of the fastest growing applications have been in microarray technology at the micron scale applied to the study of cellular mRNA expression analysis (genomics) and cellular protein interaction/ pathway analysis (proteomics). 2, 3 These same techniques are also accelerating materials and catalyst design and identification. 4 At the heart of all such analysis techniques involving surfaces is some method for the immobilization of target or film to the surface and a signal transduction method for measuring the analyte bound or the material or process selected. The former requires the study and characterization of surface chemistries and often polymeric materials placed upon the surface to carry out immobilization. Furthermore, the latter requires a specific signal transduction mechanism, often involving an added label, either spectroscopic (e.g., absorption, fluorescence (most frequently), etc.), electroluminescent, chemileuminescent, or radiolabel. The quartz crystal microbalance (QCM) is an important technique that has unique advantages for addressing the problems and issues involved in developing these new measurement methodologies and applying them to complex biomolecular systems.
QCM Advantages. The advantages that the QCM provides for development of the above domain areas is a sensitive detection capability for surface mass binding and a surface viscoelastic characterization capability for the bound mass. Other distinct advantages of the QCM technique are the following. (1) The mass sensing technique eliminates the need for any specific labeling step to be part of the signal transduction mechanism. (2) Signal transduction via the piezoelectric mechanism operates well in complex, often optically opaque solution media. ( 3) The technique is capable of detecting subtle changes in the solution-surface interface that can be due to density-viscosity changes in the solution, viscoelastic changes in the bound interfacial material, and changes in the surface free energy, to name a few. (4) The electrochemical quartz crystal microbalance (EQCM) variant allows the investigator to apply a potential on the upper metal electrode, thereby creating an electrochemical cell, enabling electrochemical reactions or measurement of processes involving electron transfer. This provides interesting ways to create or probe surface bound mass as we describe in this review. (5) Finally, the technique is relatively easy to use, and the basic equipment is inexpensive to purchase.
Although the QCM will not supplant high throughput array technologies for drug or biomaterials screening, it provides the realistic possibility of low throughput arrays, perhaps useful in secondary screening situations. In this format, the QCM provides interesting ways to characterize the mass and viscoelastic properties of complex thin biopolymeric films incorporating biomolecular systems at surfaces in the solution of choice, both during their formation and once formed and under perturbations in their environment. Thus, the QCM technique becomes a useful adjunct to the development of future non-QCM array technologies. It has found use already as a gas phase chemical sensor and metal deposition sensor in vacuum applications and is being developed as a biosensor platform. For these reasons, the technique is currently exhibiting rapid growth outside of its traditional development domain area of analytical chemistry and electroanalytical chemistry. A number of review articles have appeared in recent years that discuss the applications and technical issues involved in QCM use. They range from the perspective of QCM as a fundamental tool in analytical electrochemistry 5 to comparative reviews focused on the newer application areas of biosensors [6] [7] [8] [9] and drug discovery. 10 In this review, we concentrate on the application of the QCM technique to the study of the formation and characterization of thin but complex biopolymeric films and biomimetic systems involving biomacromolecules. We also briefly outline its applications to the study of fundamental biological processes, biosensors for analyte detection, and more complex biomolecular systems, including living cells.
Historical Overview. The signal transduction mechanism of the QCM technique relies upon the piezoelectric effect in quartz crystals, first discovered in 1880 by the Curie brothers, via a pressure effect on quartz. 11 A change in inertia of a vibrating crystal was then shown by Lord Rayleigh to alter its resonant frequency, f. 12 Important subsequent developments were good crystal stability through the use of electric resonators 13 and room-temperature stable AT-cut crystals. 14 In 1959, the QCM was first used in a sensing mode when Sauerbray reported a linear relationship between the f decrease of an oscillating quartz crystal and the bound elastic mass of deposited metal. 15 Early chemical applications of QCM were to measuring mass binding from gas-phase species to the quartz surface. These represented some of the earliest chemical sensors for moisture and volatile organic compounds, 16, 17 environmental pollutants, 18 and gas-phase chromatography detectors. 19 In the 1980s, solution based QCM developed as new oscillator technology advanced to measure changes in frequency that could be related to changes in viscosity and density in highly damping liquid media. 20, 21 The recent success of the QCM technique is due to its ability to sensitively measure mass changes associated with liquid-solid interfacial phenomena, as well as to characterize energy dissipative or viscoelastic behavior of the mass deposited upon the metal electrode surface of the quartz crystal.
Measuring Surface Film Mass, Viscoelasticity, Thickness, Hydrophilicity, and Roughness with QCM QCM Device Features. By applying an alternating electric field across the quartz crystal through upper and lower metal electrodes covering the quartz surface, a mechanical oscillation of characteristic frequency, f, is produced in the crystal. Although the f range for the fundamental mode of quartz is between 5 and 20 MHz, most applications have used commercial QCM devices operating in the 5-10 MHz range. The 5-20 MHz frequencies produce device sensitivities to analytes that are comparable to a direct biosensing technique like surface plasmon resonance. 22 In addition, they provide information on the viscoelastic properties of bound mass. However, in routine usage, they cannot match the sensitivities of widespread optical techniques involving labeling with specific chromophores such as in fluoresence or chemile-uminescence. These techniques are thoroughly compared in a comprehensive review. 7 Nonetheless, as we have already discussed, in some application scenarios, the QCM is overall comparable or superior to optical techniques.
Typically for QCM applications, quartz crystals a few tenths of a mm in thickness are cut in the AT form, at a 35°1 0′ angle from the Z-axis as shown in Figure 1 . 6, 7, 10 This geometry provides a stable oscillation with almost no temperature fluctuation in f at room temperature. In most applications, the QCM technique relies upon circular quartz crystals operating in the thickness shear mode (TSM) of oscillation, where motion lateral to the surface is as shown in Figure 1 . Under these conditions, the lateral amplitude of a vibrating crystal is 1-2 nm. Any mass bound to the surface will tend to oscillate with the same lateral displacement and frequency as the underlying crystal. If it does so elastically, then there is no energy loss for this process. If energy loss accompanies this mass oscillation, then the process is said to be inelastic. The solution penetration depth of the lateral shear wave resulting from the oscillating crystal is 0.25 µM perpedicular to the upper surface at 20°C. 7 This rapid attenuation of the shear wave energy is caused by the viscous damping forces of the solution.
The electrodes shown in Figure 1 can be one of a number of metals (Au and Pt, to name a few in widespread use) deposited upon the upper and lower quartz surfaces. Wire leads, attached to the electrodes (not shown), are then connected to an oscillator circuit. Typically, the continuous resonance mode is utilized, where relative shifts in crystal f are measured. A number of QCM devices are commercially available from the following vendors: Elchema, EG&G, QCM Research, Maxtek, and Universal Sensors. 5, 6, 23 We present in Figure 2 a schematic outline of a commercially available device from EG&G in which the crystal is contained in place via O-rings within a Teflon well holder, where the upper and lower portions of the well holder are secured together with screws. 24 In this specific application, the QCM device has been placed inside a cell culture incubator so that living cells may be studied attaching to the QCM gold surface. In this example, measurements were made of f and admittance, A, yielding the motional resistance, R, at the crystal-solution interface.
In general, samples in liquid aliquots can be delivered directly to the QCM electrode surface via syringe or micropipet to the liquid cell. Or in automated systems, flow injection analysis systems can deliver small volumes under laminar flow conditions to minimize mechanical influences on the QCM performance. Flow through cells have been described as well as systems where the QCM is mounted vertically on the side wall of a liquid cell. 25 Elastic Mass Measurement. An increase in mass bound to the quartz surface causes the crystal's oscillation frequency to decrease. For the situation of pure elastic mass added to the surface, the well-known linear Sauerbray equation was first observed 15 and used to precisely quantify, with ng sensitivity, the quantity of elastic mass added to the surface where ∆f is the measured resonant frequency decrease (Hz), f is the intrinsic crystal frequency, ∆m is the elastic mass change (g), A is the electrode area (0.196 cm 2 in many applications), F q is the density of quartz (2.65 g/cm 3 ), and µ is the shear modulus (2.95 × 10 11 dyn/cm 2 ). This results in C f , the integrated QCM sensitivity, having a value of 0.903 Hz/ng for a ∼9 MHz crystal. Given this integrated sensitivity level, nearly 1000 times greater than an electronic mass balance with a sensitivity of 0.1 ug, this mass sensing technique has sometimes been termed the quartz crystal nanobalance. The Sauerbray equation is valid only for small elastic masses added to the crystal surface. It becomes inaccurate for masses greater than about 2% of the crystal mass.
Because mass is the most obvious factor affecting the f of an oscillating crystal, many investigators design their systems in order to maximize the bound mass change to be detected. Often, the strategy will be to design a mass amplification feature into the signal to be transduced by the crystal. For example, if one is studying an enzyme biosensor immobilized on the QCM surface, an optimal sensitivity approach may be to use a substrate that when catalytically converted to product by a high turnover number enzyme forms an insoluble precipitated mass on the QCM surface, decreasing f significantly. 26 In another example extending this approach, the electron-transfer resistance due to the mass of an insulating precipitate that resulted from an enzyme biosensor was measured and correlated with the mass precipitated as part of the biosensor signal calibration. 27 In liquid-phase measurements, the QCM is not a simple mass sensor, but provides valuable information about reactions and conditions at the liquid-solid interface. In many of the applications of the QCM described below, where investigators have studied: deposited polymeric films, electrochemically created polymeric films, biomacromolecular film composites comprised of proteins and nucleic acids, and biosensors, including those comprised of living cells, the systems studied do not behave as elastic masses on the QCM surface. In these cases, the Sauerbray equation does not apply, and it is difficult if not impossible to extract corresponding mass binding quantities from decreases observed in the crystal f magnitude. This energy dissipating 
property of many inelastic systems under study is important to be able to document and characterize. We now discuss a number of QCM methods that have been developed that lead to information about the viscoelastic properties of the deposited film mass and to understanding how the substrate surface properties affect the measured parameters. Pure Elastic Mass, Energy Dissipating Systems, and the Liquid Viscosity-Density Response. When one face of a quartz crystal is in contact with a liquid, its f and R values are affected by the liquid density and viscosity. Therefore, independent changes in the f response of a QCM crystal can be brought about singly or by a combination of (1) a pure elastic mass bound tightly to the QCM surface, where R is constant and the Sauerbray eq 1 holds; (2) a pure liquid viscosity-density change in the solution adjacent to the QCM surface, bringing about a change in both f and R in the presence or absence of mass binding; (3) the surface bound mass is inelastic and dissipates energy. In the latter case, there will be an f decrease due to both mass binding and to its viscoelastic energy dissipation behavior and R will increase.
In the first case, the Sauerbray eq 1 can be used to calculate elastic mass upon the QCM surface only after it has been determined experimentally that the bound mass dissipates no energy. Then, the f decrease of the dried mass can be used to calculate the bound mass. Assuming or knowing the dried film density allows the film thickness to be calculated. Alternately, if an electrochemical measurement of deposited mass is being made, the total charge passed at the electrode surface can be combined with the molar mass of the species involved, along with the electron redox stoichiometry at the electrode, to calculate the deposited mass and from this the film thickness. Or, as happens in some studies, film thickness may be determined or the QCM determined film thickness value validated using a totally different technique, for example, ellipsometry.
To determine what type of change is bringing about any given f change, the ∆f, ∆R QCM data can be combined in the type of plot shown in Figure 3 . A pure elastic mass binding, resulting in a decrease in f, has ∆R ) 0, and would exhibit the behavior shown by the horizontal line labeled from B to C. A pure liquid viscosity-density response has the f and R behavior shown by the dotted line labeled from A to D. This results from viscous coupling of the solution to the crystal, so that the solution effectively adds a mass component to the oscillating crystal. Assuming no slip between the solution and the crystal surface, that situation results in the following relationship. The equation for the resulting resonant frequency change was first derived by Kanazawa et al. 28 as follows:
where F L is the density of the liquid and η is the viscosity of the liquid. When the QCM operates in solution, the total f decrease cannot be deconvoluted into a contribution from a bound mass distinguishable from the solution contribution.
For the quartz crystal in contact with liquid, the resonant resistance change was first derived by Muramatsu et al. 29 as follows:
where k is the electromechanical coupling factor. Because both ∆f and ∆R are proportional to (F L η)
, the ∆f-∆R plot 
is a straight line for liquids of different density and viscosity. For a series of different weight percent (0-46%) sucrose solutions, of varying density and viscosity, the f decrease and R increase can be determined relative to those of pure water using eqs 2 and 3 and can be fitted with a linear relationship.
Clearly, the behavior of specific systems under investigation can be graphically compared on such a plot and the relative viscoelastic behavior or energy dissipating properties of surface bound polymeric films or biomacromolecules can be assessed relative to liquid solution density-viscosity changes. The experimental example presented in Figure 3 illustrates this point. Here, an electrochemical deposition of a polypyrrole film is being carried out, and the output from measurements by a 9 MHz crystal are displayed. Electropolymerization starts at point C and is represented by the solid line moving to the left with time as synthesis proceeds. 30 The short horizontal region labeled a, lying along the line labeled B to C of zero slope (Sauerbray eq 1 behavior), shows f decreasing, whereas R is constant. This is where the electropolymerizing film behaves elastically. However, the subsequent electropolymerization rapidly changes behavior to a negative slope where the f decrease due to increasing film mass is accompanied by an R increase. This is the region where the film begins dissipating energy, exhibiting viscoelastic behavior. Using this approach, these investigators have provided criteria for evaluating the viscoelastic properties of films. 30 In contrast to this view of understanding film properties in relation to liquid phase properties, a purely experimental method using an appropriate FIA system has been proposed to suppress the side effects of fluid properties upon the QCM signal resulting from analyte adsorption. 31, 32 Surface Hydrophilicity and Roughness. There exists an interplay between the roughness and relative hydrophilicity of a QCM surface that affect the measured f and R values in a given experiment. During adsorption of mass to the QCM surface, an alteration in the hydrophilicity of the surface can result in large changes in f. Surfaces that are hydrophilic and rough can entrap liquids within surface cavities contributing to the mass increase sensed by the QCM. On the other hand, hydrophobic cavities often do not wet and air or vacuum can be entrapped. This results in smaller measured mass and energy losses. Therefore, when operating in liquids, the QCM surface must be smooth to avoid spurious effects from surface roughness and varying surface energies. To the extent that these quantities are not controlled or taken into account in the experimental design, the results obtained may not be able to reliably yield even semiquantitative information about the system being investigated.
A number of reports have documented the effect of relative surface hydrophobicity on the attached mass. As an interesting example, it is well-known that attachment dependent living cells are particularly sensitive to the properties of the underlying surface and will only thrive if the surface is sufficiently hydrophilic. Different cell density behavior of f decreases and R increases has been reported for normal endothelial cells during their attachment process to a steady state on the QCM surface when the gold surface is hydrophilic vs hydrophobic under media and serum. 33 One approach to characterizing the relative surface hydrophobicity has been pioneered by a discontinuous resonance method. 34 These investigators' approach is to intermittently disconnect the oscillation, resulting in an exponentially decaying signal. The dissipation factor, D, inversely proportional to the decay time, is measured. This has been shown to be different for hydrophilic vs hydrophobic surfaces in the case of living cells on the QCM surface. 35 With this technique, information concerning the surface roughness can also be obtained as well as the energy dissipating viscoelastic properties of materials on the QCM surface.
One additional feature of QCM operation worth mentioning is the occurrence of longitudinal acoustic waves. These are standing compression waves traversing the distance of the solution between the QCM surface and the solution meniscus and being reflected back to the QCM surface. If there is appreciable evaporation from the solution, then this distance decreases with time and a time dependent alternating f and R oscillation will be measured. This oscillation is due to the changing path length for the standing wave. The time between peaks of this oscillation is the time required for evaporation of a lamella of solution that corresponds to onehalf of a wavelength of the standing wave. The fundamental physics and experimental characterization of this phenomenon has been reviewed elsewhere. 7 Experimentally, this effect can be eliminated in a flow injection system or if the QCM is covered to eliminate evaporation during operation.
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Equivalent Circuit Analysis. As we stated above, when the QCM operates in solution, the total f decrease cannot be deconvoluted into a contribution from a bound mass distinguishable from the solution contribution. To do this requires a more complex series of measurements and characterization of the system with an electrical equivalent circuit model. Circuit analysis involves the operation of an impedance analyzer in tandem with the QCM transducer. Both impedance and admittance data can be collected and analyzed via fitting to an equivalent electrical circuit model. 36 What results are capacitance, resistance, and inductance data in addition to series and parallel frequencies to represent the properties of individual molecular components assembled on the crystal surface. 7, 29, 37, 38 The impedance analysis of film systems on the QCM surface can result in greater insights into the viscoelastic properties of important complex materials, such as polyacrylamide films, 39 blood clots, 40 etc. However, these analyses are time-consuming and the equipment is relatively expensive. Moreover, the equivalent circuit models are approximate representations of the behavior of the bound mass under liquid. Therefore, these approaches have not found wide use, and we do not discuss them further in detail in this review. Instead, we refer the reader to the excellent discussions of this topic in two reviews that we have already cited. 7, 9 However, in this review, we do present some results from specific studies in which these techniques have been applied.
QCM Studies of Biopolymer Film Formation, Viscoelastic Behavior, and Ion/Solute Transport Properties
The QCM device represents a simple and valuable tool with which to investigate the formation or degradation of biopolymeric films or film composites at a surface-solution interface in which single or multiple assembly steps are required. Either the kinetics (k assoc or k dissoc ) of the process steps may be followed or more simply the equilibrium states. An important advantage of the QCM technique is that these studies can be performed where optical techniques are precluded. There are many experimental situations, for example in complex systems involving surfactants, selfassembling molecules, or biopolymers, where optically clear solutions cannot be achieved. Moreover, an additional advantage of the QCM is that not just the film mass but the viscoelastic or energy dissipation behavior of the film can simultaneously be measured during formation or at equilibrium. One final type of measurement for which the QCM provides unique information is the investigation of ion transport in charged films, including polymers, during changes in the film environment or oxidation state. The latter is carried out at a given electrochemical potential applied at the underlying EQCM electrode.
Because there is a broad continuum of systems under study that involve polymeric substrates and biological macromolecules (biosensors in many cases), we discuss systems and studies dominated by the biological component or biological analyte detection in a following major section on biosensors. It is our intent in this section to describe the uses of QCM to study systems focused on the polymeric film component. Investigators have applied the QCM technique to a variety of systems, some of which we describe below. These include electrochemical polymerization, conducting polymers, electroactive film redox properties, ion and solvent transport in films, micelle formation, enzymatic polymerization of micelles, LB monolayers, self-assembling monolayers, molecularly imprinted polymer films, nanoarchitecture, and layer-by-layer films.
Electropolymerization, Electroactive Film Studies, and Ion/Solvent Transport. Much of the development of the QCM technique in the field of analytical electrochemistry was driven by its high sensitivity for mass sensing at an electrode surface during electrochemical processes at an applied potential, EQCM. That attractive feature of the EQCM continues to be utilized in the study of polymeric films, including electropolymerization studies. Examples of the wide range of electropolymerization systems studied include phenols, 41 reversible C 60 films, 42 a 32 unit ferrocenyl dendrimer, 43 methacrylonitrile film adsorption and desorption, 44 tyrosine derviative biofilm formation via electropolymerization vs adsorption, [45] [46] [47] and formation of conducting polymer films such as polypyrrole for fundamental investigations, [48] [49] [50] as well as pyrrole-biotinylated pyrrole co-electropolymerization for subsequent hierarchical structure creation, as in DNA attachment. 50, 51 In Figure 3 , we have already presented an example of the electropolymerization of polypyrrole and how the film can be determined to change from elastic behavior early in the polymerization process to exhibiting visoelastic, energy dissipating properties during the subsequent synthesis of a thicker film.
The details of ion and solvent transport between the film and solution can be sensitively followed using the EQCM. Typically, this is as a result of changes due to an applied potential. We discuss a number of representative examples. Within electropolymerized polypyrrole films, the macromolecular polyanion DNA (a 20-30 mer) has been incorporated as a counterion. 52 These films have DNA as the sole anion dopant during film formation. However, their electrochemically driven ion exchange properties are dominated by the small solution electrolyte cation because DNA cannot readily be expelled from the polypyrrole network. In another study, the oxidation of an Os(bipy) 3 2+ complex reversibly immobilized in a permselective Nafion film produced reversible f (mass) changes because of solvated cations in the supporting electrolyte. 53 Polyvinylferrocene films undergoing reversible oxidation-reduction exhibited reversible f (mass) changes. 54 Because the f change, ∆f, for an elastic film can be related to concentration changes in any small diffusing species that changes in the film, the following eq 4 applies. Here ∆f is related to the apparent molecular weight (MW) of the diffusing species giving rise to a total charge, Q, passed during the electrochemical change at the applied potential:
Therefore, using eq 4, the MW of the species changing in the polyvinylferrocene film was experimentally determined and confirmed to be electrolyte anions PF 6 -, incorporated into the film during oxidation. In another example of this approach, a monolayer film of ferrocenylundecanethiolate was reversibly oxidized and the reversible increase in mass measured via the f change was calculated to be 430 g/mol. 55 Although the anion ClO 4 -only had a molar mass of 99.5 g/mol, these investigators interpreted the excess mass change as due to the simultaneous incorporation of water into the film along with the anion. It must be cautioned that the interpretations of f changes for a film in terms of ion or solvent flux can only be made if it has been established experimentally that no change has occurred in the energy dissipation properties of the film during the process under consideration. A change in film viscoelastic behavior could give rise directly to f shifts.
In another study, very different ion transport effects, measured as f shifts during cyclic sweeping of the potential, were noted for two related electropolymerizing biofilms. 47 These data are presented in Figure 4 for three successive cyclic potential sweeps. One film was polytyrosine, electropolymerized from the monomer, the amino acid tyrosine. The other was polydecyltyrosine, electropolymerized from the monomer, the decyl ester derivative of tyrosine (DEDT). The former, a charged species, exhibited modest film growth, measured in the EQCM as a decreasing f, on a Pt electrode with each potential cycle. The regular f decrease occurred during a specific portion of the potential cycle and little variation in f was observed during the other potential ranges of each cycle. In contrast, the DEDT film, showed little net mass change during successive potential cycles, but a large rapid overall f decrease, independent of cycling, that indicated
a significant level of adsorption to Pt via the known decyl chain dependent self-assembly properties of these monomer and polymeric species. 56, 57 Moreover, during the potential cycling to form DEDT in Figure 4 , 4-6 sharp fluctuations in f can be observed consistently at distinct potentials in successive cycles. These properties indicate that a complex flow of ions/water exists at certain potentials in the polydecyltyrosine film but are absent in the polytyrosine film.
Details of the reversible film formation and ion transport were observed in the case of an EQCM study of electroactive C 60 films formed from C 60 3- . In this system, shown in Figure  5 , three diffusion-controlled oxidations were observed during cyclic voltammogram sweeps of the type shown in panel A. 42 No film deposition was measured during the first and second oxidation peaks, but a significant amount was observed during the third that corresponded to the formation of the neutral species. Correlating the charge passed at the electrode with the f change at a constant potential, these investigators concluded that the film consisted of only the neutral C 60 species, absent solvent or electrolyte ions. On reversing the potential scan, the mass increases observed were thought to be due to incorporation of electrolyte counterions into the increasingly anionic C 60 films needed to maintain electrical neutrality. Return of the f to its initial value with the third reduction indicated that the film was completely dissolved, the C 60 3-species being completely solubilized.
Micellar-Polymer Film Systems. The QCM technique has been applied to study a number of self-assembling systems, including surfactants that self-assemble from solution to form extended rodlike multilayer structures, [45] [46] [47] 56, 57 micellar interactions with polymeric films, 58-60 a helical polypeptide brush assembly on gold, 61 and micellization influences on the adsorption and electrochemistry of alkyl ferrocene surfactants. 62, 63 Next we discuss some of the more interesting examples of this class of studies.
The decyl ester of the amino acid tyrosine is an amphiphilic species that self-assembles in solution above its cmc to form extended rodlike structures. 56, 57 This system, containing the titrable amine group shown in Figure 6A , was studied in the QCM above its cmc. The self-assembly and gold surface binding kinetic behavior were followed as a function of the solution pH. A dramatic decrease in f, due largely to surface mass increase, was observed as the pH was raised from 5.0 to 7.0. 45 This corresponded to the deprotonation of the amine and self-assembly of the rodlike structures, shown in Figure 6B , due to decyl chain association. In Figure 6C are presented the f decrease levels for this system at different pH values, converted to corresponding bound mass levels. The authors were justified in doing so by the observed lack of change in R (data not shown), indicating elastic mass behavior, for the system at the three lowest pH values shown. Only at the highest pH value did the observed system R values increase during the time course of the experiment. Therefore, from Figure 6C , we observed an apparent pK of 8.3, estimated by extrapolation for the combined deprotonation and self-assembly equilibrium constant, in agreement with data from underivatized amino acid studies and from direct titration studies of the monomers. In Figure 7 , for the highest system pH studied, starting at ∆f ) 0, it is clear that the kinetics of the self-assembly equilibrium demonstrated an initial 1 h phase in which the bound mass behaved elastically on the QCM gold surface. Then, over the next 24 h, as mass continued to add to the gold surface, the film exhibited energy dissipation behavior, as we alluded to above. Interestingly, the film, comprised of aggregates of self-assembled monomers, was shown to be enzymatically polymerizable using horseradish peroxidase. The enzymatic reaction could be followed solely with the QCM, because the equilibrium film behavior increased its viscoelastic properties during the reaction, as hydrogen peroxide was added stoichiometrically to carry out the reaction until polymerization was finished (transition from point 1 to 4 in Figure 7 ). This property demonstrates an advantage of the QCM, the ability to follow an enzymatic reaction under conditions of an optically opaque solution. An example of the QCM being used to follow the opposite process, enzymatic degradation of a polymer, has also been reported. 64 An example of the interaction of a microemulsion with an immobilized biopolymer studied with the QCM is illustrated by the following report. The electrochemical and catalytic properties of a covalently immobilized vitamin B12 hexacarboxylate-polylysine film were found to be influenced by the sodium dodecyl sulfate microemulsion composition. 59 Fast catalytic turnover for dibromocyclohexane to cyclohexene was found to be facilitated by high conductivity, because of salt content and low viscosity of the microemulsion. In another study, small unilamellar vesicles were adsorbed to gold to form a monolayer film of vesicles that was then used as a substrate to bind a PEO-PPO-PEO triblock copolymer. The equilibrium binding of triblock copolymer was found to follow a Freundlich type of isotherm, and the kinetic properties of the system were found to correlate with increased membrane permeability of the vesicles induced by binding of the triblock copolymer. 60 A system comprised of varying alkyl chain length quaternary amine ferrocene redox surfactants binding to gold was studied with the EQCM. 62 The reduced ferrocene derivatives were found to be more strongly adsorbed to the gold on the quartz surface than the oxidized species. From the adsorption isotherms, the ∆G of both redox forms were calculated. Differences in the formal potentials of the monomers free in solution and in micelles were shown to be functions of ∆G and the aggregation number for micellization. This allowed calculations of ∆G values for micellization of the surfactants.
Self-Assembled Monolayer Adsorption, LangmuirBlodgett Monolayer Films, and Phase Transition Behavior. Some monolayer films formed via adsorption are considered to be examples of molecular self-assembly, such as the high affinity, organized alkane thiol monolayer films. A number of self-assembled monolayer and LangmuirBlodgett (LB) monolayer films have been investigated with the QCM. For example, thiol and surfactant self-assembly kinetics and dynamics to form organized monolayers on gold surfaces have been studied. 38, [65] [66] [67] [68] In many instances, these systems are created and studied as the first of a number of steps in the design of higher order structures containing biological recognition elements. In the case of LB films, these have been studied with the QCM to discover how fundamental properties of the monolayer film change during the phase transition. 30, 69 Next, we present some interesting examples of where these monolayer films have been investigated with the QCM.
Self-assembling monolayers based upon thiol reactivity with the gold surface of typical QCM crystals represents a relatively new class of devices to which biological recognition elements are attached. In the case of a bioaffinity QCM biosensor, 38 it is based upon self-assembling an alkane thiol monolayer with succinyl linkage to different synthetic epitope peptides that are recognition elements for specific viral capsid proteins. These investigators carefully examined a number of conditions necessary to form a densely packed monolayer completely covering the gold surface as assayed by X-ray photoelectron spectroscopy and scanning force microscopy. This biosensor was then used to measure antibody binding that was specific to the immobilized recognition peptide. This biosensor could be regenerated after use.
In the case of mercaptohexylthiol monolayers self-assembled on the gold QCM surface for the purpose of oligonucleotide attachment and subsequent DNA hybridization, 66 these investigators mixed an additional reduceable thiol, mercaptopropionic acid, in with the oligonucleotide derivatized mercaptohexylthiol. Following monolayer formation, they then reduced the mercaptopropionic acid, which caused it to desorb. This increased the efficiency of DNA hybridization in the subsequent step by an order of magnitude compared to self-assembling the pure oligonucleotide derivatized mercaptohexylthiol film, because of the bare gold's effect on reducing DNA surface density and promoting a better oligonucleotide orientation for hybridization.
LB films of 1,3-dioctadecyl-rac-glycer-2-ol, exhibiting two thermal phase transitions, were studied as multilayer thin films with the QCM. 69 The f and R changes measured by these investigators are presented in Figure 8 , parts a and b. The first phase transition at the point labeled c, corresponding to the minor transition observed during the heating cycle in Figure 8c , suggested that the film had a small mass increase (f decrease) and viscosity increase (R increase). The viscosity increase was explained based upon the loss of hydrophobic interactions during the first phase transition. Following the region between phase transitions, labeled c and d in Figure   8 , parts a and b, at the second phase transition labeled d, where a major negative peak exists in the heating cycle in Figure 8c , both f and R increased. This behavior was explained as a loss in film elasticity and a viscosity increase, because of the disappearance of hydrophilic bonds in the film during this second phase transition.
Molecular Imprinted Polymer Film and Chemical Sensors. Historically, the QCM was first applied to create chemical sensors for detection of species in the vapor phase. Although it is not our intent to discuss vapor phase QCM applications in this review, it is worth mentioning that recent reports of vapor phase sensors utilize polymers as the active binding elements for vapor phase molecules. In the case of a humidity sensor, poly(D,L-lactide) and poly(lactide-coglycolide) were used. 70 For certain so-called odor sensors, 71 deposition of polypyrrole films upon the QCM surface acts as the vapor species binding element. Vapor versus solution phase differences aside, these systems resemble the use of the QCM for the recognition of other small molecules in solution based upon immobilized molecular imprinted polymer films as the active recognition species. These solution systems include recognition of small molecules such as terpenes 72 and caffeine 73 as well as large proteins such as lysozyme. 74 An additional feature in some cases is chiral recognition, such as for the amino acids D and L glumatic acid. 75 We discuss more examples where molecularly imprinted polymers have been used for sensitive detection of drug molecules in the section below on Drug Discovery Applications.
Nanoarchitecture and Layer-by-Layer Films. By definition, the careful creation of thin films using the layer-bylayer technique coupled with the molecular design of how succesive layers interact can produce nanoarchitectured multilayer films. The degree of order and functionality in such films remains a key outcome of this approach. The QCM is aptly suited to the study of layer-by-layer deposition of films and a number of such investigations involving biological macromolecules have been carried out. These studies focus on alternating polymer layers with protein [76] [77] [78] [79] [80] [81] [82] [83] [84] and DNA 85, 86 containing layers. Other investigations contain biopolymers as a part of the layer structure for medical device surface studies. 87, 88 We discuss a few of the more interesting reports below.
The formation of electrostatic alternating layers of the polycationic poly(diallyldimethylammonium) (PDDA) and the anionic protein hemoglobin (Hb) at pH 9.2 was studied via EQCM. An appropriate Soret band in the visible region as well as the IR amide band demonstrated that the Hb maintained its native conformation within the multilayer film. 76 The Fe(III)/Fe(II) redox couple of the native Hb in the [PDDA/Hb] 8 layer film was then studied via reduction of trichloroacetic acid and nitrite ion as well as oxygen and hydrogen peroxide reactions. In another study, alternating layers of anionic glucose oxidase (GO), lactate oxidase, or soybean peroxidase and redox cationic poly(diallylamine) with covalently attached [Os(bpy) 2 ClPyCOH] + (PAA-Os) were assembled on metal electrode surfaces and studied electrochemically. 81 The enzymes were "wired" to the electrode surface via the PAA-Os redox polymer. Differences in GO wiring efficiency were detected with different assembly procedures. In related systems, where enzymes were incorporated into alternately charged polymer layers, increased thermal stability of GO and alkaline phosphatase were associated with an increasing number of deposited enzyme layers, 83 and cholesterol oxidase formed a multilayer biosensor. 84 In the latter report, a series of layer-by-layer structures were formed on a variety of solid substrates that were investigated by AFM. The biosensor was used to detect cholesterol over a range of concentrations.
Thin film structures formed from layer-by-layer build-up of alternating humic acid based polymers and ferric ions were investigated as potentially biocompatible multilayer structures for implantable glucose sensors. 79 In this study, a strong pH and ionic strength dependence was observed for the multilayer formation process. From combined QCM and ellipsometry studies, a layer stickness of 24.3 nm was observed. From a functional standpoint, the glucose permeability could be regulated by changing the layer number. Also a 200 nm thick multilayer film was found to have a shear modulus of 80 MPa, suggesting that it would be stable upon implantation. In vivo studies of the multilayers indicated that only a mild inflammatory response occurred along with some neovascularization. Another type of biocompatible film, formed from alternating poly(L-lysine) and hyaluronic acid, a natural cartilage polymer, was studied by streaming potential, AFM, QCM, and optical waveguide lightmode spectroscopy. 88 This study demonstrated that the driving force for multilayer buildup follows two regimes. The first is the formation of isolated islands and their coalescence. The second is the continuous film regime, beginning after the 8 th layer has formed and is characterized by an exponential increase in mass. QCM measurements at different f values produced evidence for viscoelastic film behavior, with a measured shear viscosity on the order of 0.1 Pa s.
QCM Application to Studies of Biochemical Processes, Biomimetic Systems, Biosensors, and Drug Discovery
The versatility of the QCM technique has allowed investigators to carry out the following biochemically oriented studies: (1) form and study biomimetic systems; (2) investigate a range of fundamental biochemical processes; (3) create biosensors by immobilizing biochemical components (nucleic acid, protein) or whole cells onto the QCM surface or within a polymeric film on the surface; (4) investigate drug-target interactions for drug discovery applications. Although in many of these applications of the QCM there is clear overlap between the study of basic biochemical processes, biomimetic systems, biosensors, and drug discovery applications, we have attempted to distinguish these application classes in the following discussion.
QCM Investigations of Biomimetic Systems. A number of QCM based investigations have been made of biomimetic systems. We briefly discuss some of the more important of these applications. Biomimetic systems include investigating the properties of protein monolayers on surfaces, [89] [90] [91] [92] [93] [94] an artificial tongue that senses the isohumulone and tetraisohumulone components in beer responsible for bitterness, 95 a vapor phase odor sensor 71 and the solution phase molecular imprinted polymer based small molecule sensors [72] [73] [74] [75] discussed previously; ion channeling phenomena studied via EQCM in model biomembranes, 96 an antibiotic influencing lipopolysaccharide phase behavior, 97 adsorption of disinfectant by a synthetic multibilayer and correlation with its inhibitory concentration, 98 and a bioadhesion model for the glycocalix, the biological lipid-protein bilayer complexed with cytoskeleton. 99 We describe the results from three of these biomimetic studies that provide detailed views of the systems under study. In the first, the time-resolved adsorption kinetics of four different proteins (myoglobin, hemoglobin, human serum albumin, ferritin, and human serum albumin-antibody) to a methyl terminated alkane thiol modified QCM surface were examined via f shifts and D-energy dissipation factor measurements. 90 All proteins caused f decreases due to formed films and D-factor changes revealed that different phases occurred during the adorption process. In Figure 9a c, measurements of f and D shifts for hemoglobin adsorption to the hydrophobic surface is presented for two different pH values. At pH 6.5, the Hb mass uptake (Figure 9a ) is marginally greater and the energy dissipation (Figure 9b ) is considerably greater than at pH 7.0. The graph in Figure 9c demonstrates that the linear behavior at pH 7.0 is replaced by a more complex two phase behavior at pH 6.5.
The second study was of mussel adhesive protein, the foot proteins of Mytilus edulis comprised of 75-85 repeats of a decapeptide unit. This protein was also studied in detail by the same group on the same self-assembling alkane thiol monolayer mentioned above using three complementary techniques: QCM, SPR, and ellipsometry. 91 
In the third study, an EQCM based experiment, a model membrane biomimetic study of L-R-dipalmitoyl phosphatidyl choline (DPPC) lipid bilayers on gold electrodes modified with a gramicidin ion channel, was carried out. 96 The bilayer film was found to be elastic. When Tl + ions were taken up in the gramicidin channels in a chronopiezogravimetric experiment, Tl atoms were measured to be deposited at the electrode surface forming an interlayer. Sharp f spikes were associated with uptake, formation, and dissolution of Tl atoms. Mechanistic models of dynamic DPPC bilayer phase changes were evaluated during negative step potentials. Calculations confirmed that the formation of a cylindrical DPPC aggregate phase can result in sufficient water entrapment to account for the measured f shifts.
Studies of Fundamental Biochemical ProcessesNucleic Acid Systems. Many types of fundamental biological processes have been studied with the QCM, and in the discussion that follows, we relate the breadth of these studies and examine some in detail. Fundamental molecular processes involving DNA have been the subject of a number of QCM studies. The basic DNA hybridization process has been examined, 60, 101, 102 and its second-order rate constants were found to be similar to solution values. 103, 104 During DNA hybridization, changes in the physicochemical properties of DNA during the reaction time course have been studied, [105] [106] [107] as well as during the process of DNA-PNA (peptide nucleic acid) hybrid formation. 108 DNA-drug binding has been investigated via chemical modification of single and double standed DNA with cis-Platin, 109, 110 binding double stranded DNA with nogalamycin, 111 and via intercalation of drugs such as Hoechst 33258 into the double helix. 102 Interactions between even larger molecular systems, such as RNAprotein and DNA-protein complexes, [111] [112] [113] have been studied.
The earliest studies demonstrated that DNA hybridization was detectable via the QCM. More recent investigations have demonstrated a number of important facts. For immobilized denatured E. coli DNA of a few hundred base pairs on a nonporous adsorbing QCM surface, a second-order kinetic process was demonstrated for DNA hybridization of a nonspecific target sequence, as is the known case for solution DNA hybridization. 103 Furthermore, the measured rate constant of 2.2 × 10 -6 mL µg -1 s -1 was found to be statistically indistinguishable from the same rate constant measured for hybridization in solution via other techniques.
In another study, short oligonucleotides were hybridized to a QCM gold surface immobilized avidin-biotinylated complementary oligonucleotide and assayed with a sensitive 27 MHz QCM device. 104 The discriminatory capability of this QCM system is illustrated in Figure 10 where the nearly 80 Hz decrease in response to complementary oligonucleotide hybridization can be compared to no f change in the presence of an oligonucleotide with just one base mismatch. For the complementary oligonucleotide hybridization, both rate constants, k 1 and k -1 , for the process were measured and are compared in Table 1 very favorably to the same parameters measured with the BIAcore Surface Plasmon Resonance instrument.
In a study utilizing an on-line QCM biosensor with continuous flow and stop flow capability, the hybridization of a biotinylated 25-mer oligonucleotide probe with complementary, noncomplementary, and a series of single base . Each run was examined at least three times and the experimental errors were within (10%. b Biotinylated nucleotide probes were immobilized on an avidin monolayer on a bare Au surface of a sensor tip. c Biotinylated nucleotide probes were immobilized on an avidin that is covalently bonded to carboxymethyl groups in a swelled dextran layer. mutated 25-mer targets was studied after flow was stopped at the QCM surface. 106 Detailed studies of these single base mismatched targets allowed these investigators to distinguish different types of single base mismatches as well as the location of the base mismatch in the 25-mer target. This interesting discriminatory power of the QCM relies on differences in structural features of the different duplexes that are currently not understood.
A liquid-phase acoustic network analysis of DNA and RNA hybridization has been carried out that examines the time course of hybridization of complementary single stranded DNA in solution to single stranded DNA immobilized on the QCM surface. 107 The mass determined to be added to the surface as a result of hybridization was found to compare favorably with scintillation counting of the 32 P label contained within the surface bound DNA used in the experiments. Following DNA hybridization, the measured f change is 18 times that predicted by the Sauerbray equation for the addition via hybridization of the equivalent mass, as elastic mass, to the QCM surface. 106 This significant difference was ascribed largely to an increase in viscoelastic behavior during hybrid formation. DNA double helices are known to create a significantly higher viscosity solution environment than an equivalent concentration of single stranded DNA mass. For the case of the RNA hybridization process studied by impedance analysis, Figure 11 shows the decrease of f p and f s with increasing R m . 107 These results demonstrate a complex response and an increase in the energy dissipation behavior upon hybrid formation. Certainly, the formation of RNA double helix would be expected to increase R m , because the bulk solution viscosity has long been known to be higher for relatively rigid double helical nucleic acid compared to an equivalent concentration of flexible single stranded nucleic acid.
For the drug nogalamycin binding to short DNA duplexes immobilized on the QCM surface, the investigators found that 2 nogalamycins were bound to a 12-mer DNA, whereas 7 nogalamycins were bound to a 34-mer DNA. 111 These observations are consistent with the known steric hindrance of nogalamycin to neighboring drug molecules binding to closely spaced 5′TpG and 5′CpG sites in the oligomeric DNAs. Greater energy dissipation effects were measured for the 34-mer compared to the 12-mer DNAs. Even greater energy dissipation was measured for the drug bound 34-mer, which is consistent with a known lengthening effect of the 34-mer as nogalamycin binds.
In another study utilizing an on-line 9 MHz QCM system, the HIV-1 TAR RNA, the transcript of the trans-activation response element at the 5′ end of the HIV-1 viral mRNA transcript, was immobilized on the gold QCM surface and studied interacting with two different Tat derived peptides, 12 and 40 amino acids in length. 112 The native Tat viral protein is 86 amino acids long and binds to a highly conserved TAR RNA sequence 60 nucleotides in length, which includes a stem-loop structure incorporating a three nucleotide bulge. The three nucleotide bulge represents an important recognition and binding site feature for the Tat protein. This study reported series f and R results for the interaction that indicated a reversible equilibrium for both Tat peptides and determined the k off rates for both TAR RNA-peptide complexes. Removal of the three nucleotide bulge from the TAR RNA resulted in increased off-rates for the Tat peptides. Interestingly, the Tat 12 peptide exhibited single-exponential dissociation kinetics, whereas the Tat 40 peptide exhibited biphasic exponential dissociation behavior, in agreement with previous results reported for this system in the literature. Another interesting feature observed in this system was that the initial f shifts observed for binding the Tat 12 and Tat 40 peptides were of opposite direction. The lower limit of detection of the Tat 12 peptide in this TAR RNA binding system was estimated to be about 1 × 10 -7 M.
A sensitive 27 MHz QCM device was used to help design an asparagine and lysine containing alanine based helical peptide, 16-17 amino acids in length, that selectively bound A-T base pairs in a series of homopolymeric DNA duplexes bound to the crystal surface. 113 The binding isotherms and equilibrium K aff values for these different oligomeric DNAhelical polypeptide complexes were determined and correlated with CD spectra to help understand the best binding complexes for the next step in molecular design.
QCM Studies of Protein and Immunological Systems. Protein systems have been addressed in a number of QCM studies. These include a study of the kinetics of mass deposition and viscoelastic changes accompanying blood clotting. 40, 100 In the latter study, QCM with energy dissipation was compared to surface plasmon resonance. These investigators found that surface plasmon resonance detected optical evanescent wave effects earlier in the clotting process, but the QCM detected physical changes in the clot over a longer time frame. Both methods detected dependencies on the concentration of coagulant activator and a sensitivity to heparin addition. The ratio of D-energy dissipation factor to f shift, reflecting viscoelastic changes in the clot, varied with the coagulant activator concentration in blood plasma but not whole blood. Addition of heparin to whole blood made the dependence reappear. Also in related studies, the QCM was used as a bioassay method for the screening of new biomaterials surfaces. 114, 115 The surfaces examined had the following relative ranking in their activity toward the immunological complement activation process: spin coated polyurethane urea > polystyrene ) self-assembled monolayers of hydrophobic C 18 alkane thiol > sputtered Ti. In these studies, a comparison of QCM to the surface plasmon resonance technique was also made and both showed comparable sensitivities on gold surfaces. However, on the three biomaterials coatings that were polymeric, the SPR method proved problematic because of increased light penetration of the SPR chip.
Enzymatic catalysis has been studied from a basic activity measurement perspective as well as a fundamental mechanistic point of view. As we described previously, horseradish peroxidase activity could be detected via increases in the solution viscoelastic properties produced by the polymer product of the reaction in an optically opaque solution of surfactant monomer (decyl ester of tyrosine) aggregates. 45 Degradative enzymatic activity was also detected via a related approach. 64 However, far more detailed mechanism based studies of enzymatic catalysis have also been performed. For example, polyphenol oxidase, immobilized in a layer-bylayer system with cationic poly(allylamine), has been studied with EQCM and the rate constants determined. 80 This study established that the decomposition rate for the enzymesubstrate complex is slower than the enzymatic reoxidation step.
In a significantly more complex enzymatic system, the interaction and activity parameters of enzymes with immobilized DNA as substrate have been measured. 116, 117 In the latter report, the investigators directly monitored the kinetics of DNA polymerase activity upon an immobilized DNA on the surface of a 27 MHz crystal. 117 They found that this sensitive QCM device could allow them to measure the three separate phases of the DNA polymerase reaction: (1) polymerase binding to the primer; (2) elongation via incorporated nucleotides along the template; (3) release of the enzyme from the completely polymerized template. Binding constants and appropriate rate constants, k f and k r , were measured for all steps in the process. The repair function of this enzyme could also be measured.
Many examples in a class of important protein-protein interactions have been studied with the QCM. These are the antibody-antigen [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] interactions and a related class of interactions, glycoprotein-protein interactions. [128] [129] [130] In many of the former class of interactions, the QCM was utilized primarily as a biosensor of an antigen of interest in solution and the detection sensitivity was the primary focus. We discuss this class in the following section on biosensors. In the latter class, glycoprotein-protein interactions, the QCM measured interesting properties of these interactions. As an example, in Figure 12 , we consider the 9 MHz QCM equilibrium binding and kinetic study of Concanavalin A (Con A) binding to glycolipid monolayers containing increasing concentrations of 2C 18 -mal(alpha-D-glucopyranosyl-D-gluconamide headgroup). 128 Based on a Langmuir adsorption isotherm model, the Con A binding and dissociation rate constants and the affinity constant were calculated for the varying glycolipid compositions from these data and are shown in Table 2 . These authors reasonably justify their conversion of f shifts to bound mass to determine concentrations and therefore affinity constants from QCM measurements with the following two arguments. First, the f shifts because of monolayer film pick-up on the QCM surface, when converted to bound mass, agree with the mass of monolayer molecules known to be found in an area of the Langmuir-Blodgett trough equivalent to the area picked up by the QCM crystal. Second, the affinity constants determined from the QCM experiment agree with independent experimental determinations utilizing radiolabeled Con A binding to similar films. In this study, Con A was shown to exhibit a specificity for lipids possessing the alpha-Dglucopyranosyl-D-gluconamide headgroups. In a different study of a complex binding system, shiga toxins, from Shigella dysenteriae, were studied and could be differentiated by applying a monoalkyl globobioside as the toxin ligand. 130 The QCM has been applied to studying the interactions of much larger systems than macromolecules or biopolymers. Whole viruses or bacteriophage have been investigated. [131] [132] [133] [134] [135] These studies have been carried out utilizing recognition by the native cell surface binding molecule immobilized to the QCM surface in the case of influenza virus binding to monosialoganglioside (GM3); 131 and coat protein antibody immobilization on the QCM surface in the case of M13 phage, 132, 133 HSV 1 virus, 134 and orchid viruses. 135 In the case of the influenza A virus, the investigators examined the minimum monosialoganglioside(GM3) membrane concentration necessary for virus binding. 131 For the studies of M13 phage and HSV 1 virus, these investigators have developed new innovative approaches to applying the QCM. In the case of M13 phage, higher detection sensitivity was achieved by increasing the operating f range. 132 In related studies, another group measured the strength of the M13 phage and HSV 1 virus interactions with immobilized antibodies by a new variant of traditional QCM called rupture event scanning. 133, 134 In the final section of this review, concerned with new technological developments, we discuss these reports in more detail.
QCM Studies of Living Cells. Finally, the largest fundamental biological processes studied with the QCM have been those involving living cells. For the most part, these studies have focused on the process of cellular adhesion. In the case of biofilms, the cells are bacterial. 136 Living cells from eukaryotic organisms have been studied on the QCM because their adhesion behavior is an important part of the normal cell phenotype. The cells studied include endothelial cells, osteoblasts, human platelets, MDCK I and II cells, 3T3 cells, VERO cells, CHO, and MKE epithelial cells. 24, 33, 35, [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] The earliest studies demonstrated considerable variability in reported frequency shifts, but they all served to establish, perhaps not surprisingly, that cells bound to the QCM surface produced f shifts that were reversible upon their removal and that the cells did not behave as elastic masses.
In fact, the inapplicability of the Sauerbray eq 1 to cell attachment was pointedly made in one study. 141 Here, the QCM f response produced by binding human platelets was compared to the calculated cell mass bound via measuring a 51 Cr radiolabel incorporated into the cells. Using the measured f decrease following cell attachment, converted to effective bound mass using the Sauerbray eq 1, these investigators found the value to be 200× less than the actual bound cell mass based on their radiolabeled measurements.
Only a few investigators have used the sensitive quantitative capabilities of the QCM to investigate the behavior of adherent cells in response to chemical, biological, or physical changes in their environment. In particular, the mass and viscoelasticity sensing features of the QCM technique make it attractive for the study of changes in surface adherent cells. As an interesting and detailed example, the early time course of endothelial cell attachment up to their steady-state behavior at 24 h has been followed in a series of studies and correlated with fluoresence light microscopy simulations of the attachment process. 24, 33, [146] [147] [148] These studies have demonstrated the following interesting features. There is a 10 min lag between the appearance of endothelial cells at the QCM surface and the earliest changes in f and R of the quartz crystal. 33 Therefore, this deliniates the average amount of time necessary for the cell to begin forming surface attachments that provide measurable mass coupling. Following this short lag period, the earliest cell attachment behavior exhibits significant evidence of cell density dependence, or cell-cell cooperativity, in its effect on changes in the QCM f and R parameters. By contrast, at longer attachment times, around 20 h or more, steady-state cell attachment is exhibited. In this regime, the cell density dependence of the f and R parameters has changed and no longer exhibits evidence of any cell-cell cooperativity. Early cell attachment also produces the lowest level of energy dissipation, resembling the density-viscosity alterations due to a Newtonian fluid, corresponding to the line labeled CD in Figure 3 and in Figure 7 the dashed line and experimental sucrose calibration points. 24, 33 In Figure 13 , we present an example of this behavior from the former reference. Here, it is clear that for the first 100 Hz decrease in f following cell addition at t ) 0, the response lies directly on that of the pure liquid (F L η) 0.5 effect line. That is, the cells closely mimic the energy dissipation properties of a liquid. This effect lasts no more than 20 min and is followed by a region of increasingly negative slope leading to higher R values and to a limiting steady-state R value at 24 h. On a cellular basis, this increase in the level of energy dissipation behavior is consistent with the known formation of a spread cell morphology produced by the internal cytoskeleton linked to the underlying extracellular matrix that the cell synthesizes as it establishes its steady-state attachment. This energy dissipation behavior of the cell population on the QCM surface is consistent with the known energy dissipation behavior of these cells in vivo, where they line the inner surface of blood vessels. In this environment, one of their biological functions is to help dissipate the pulsatile energy associated with blood flow.
Beyond 24 h, the attached endothelial cells could be followed with the QCM as they were activated to divide by administration of fibroblast growth factor. For a stably attached endothelial cell monolayer at 24 h post-addition, steady state f and R values change as a function of attached cell number and exhibit saturation behavior for both the hydrophilically treated gold surface compared to the untreated gold surface. 33 Going beyond the basic study of endothelial cell attachment just discussed, these investigators established that the attached endothelial cell-QCM acts as a biosensor for studying drug effects disrupting the cytoskeleton in living cells. The microtubule binding and disrupting drug nocodazole, in the nM to µM concentration range, produced a dose dependent f lowering effect. 147 In Figure  14 , the formation of the EC QCM biosensor with 20 000 cells (first arrow) is shown achieving a steady state at about 24 h. This was followed by the administering of 2 µM nocodazole (second arrow), whereupon a nearly 100% f signal decrease was observed, because of microtubule disruption and consequent cell rounding. In Figure 15 is shown a typical sigmoid shaped dose curve of the maximum f decrease achieved by this biosensor over the drug dose range mentioned above. This dose curve covers the range of concentrations where nocodazole has been shown to be effective in the literature references as well as in a parallel tissue culture cell experiment these authors carried out where fluorescence light microscopy verified the QCM dose curve results. These results suggest that, although the cells are initially attached to a nonbiological but not a flat gold surface, the underlying extracellular matrix that they subsequently synthesize and are attached to provides a good approximation to their in vivo cytoskeleton. In a related study, these authors found that the dynamics of the nocodazole dependent microtubule disruption process were fit by a singleexponential decay response, invariant over the nocodazole concentration range. 148 An example of these results are shown in Figure 16 for the 2 µM nocodazole condition. These data strongly indicated the involvement of a single dynamic intracellular system, the microtubules, in the response of the attached cells to nocodazole. This cell based QCM biosensor is, in principle, capable of detecting any perturbation in the components of the cellular cytoskeleton and its attachment to the extracellular matrix underlying the cell.
Another group of investigators has taken advantage of the high sensitivity of the central portion of the QCM crystal to record frequency and dissipation factors on low numbers of added cells (hundreds), thereby illustrating the potential sensitivity of this technology. 34, 35, 143 In addition, the dynamics of exocytosis and dense core vesicle retrieval have been measured in adherent NG 108-15 and PC 12 cells. 144 In a study aimed at understanding the QCM signal magnitudes from attached MDCK-I, MDCK-II, and 3T3 cells, 142, 145 an AC impedance analysis (around 5 MHz) was performed in which the measured QCM parameters were modeled as an equivalent circuit. These investigators found that only the mass lying closest to the resonator surface contributed significantly to the signal. They established that the extracellular matrix, cytoskeleton integrity, the distance of the region between cell and underlying substrate, and the mechanical properties of this cleft region all contributed to the QCM signal.
QCM as a Signal Transduction Platform for Biosensors. Many of the studies involving biological macromolecules, and the QCM have been designed not to study the fundamental biochemistry of the biological macromolecules but to exploit their evolved properties for use as the biological recognition elements in biosensors, where they have been integrated with the piezoelectric signal transduction mechanism of this device. All of these biosensor systems require an immobilization step on the QCM surface. In an earlier section of this review, we have discussed a number of reported immobilization strategies where they have been the emphasis of the study, as opposed to the biosensing element integrated with them. However, there are many reports that have appeared, whose emphasis is clearly on the sensing properties of the biosensor being described. In this section, we briefly present an overview of the biosensor applications of the QCM, stressing those literature reports that have focused on practical issues such as biosensor detection sensitivities, reuse, etc. Immuno-and Enzyme-Based QCM Biosensors. There are a number of major classes of biosensors that involve proteins or peptides and nucleic acids as the recognition elements. Biosensors containing proteins or peptides as the biological elements fall into two groups: immunosensors and enzyme biosensors. The former rely primarily upon the antigen-antibody interaction to carry out molecular recognition and the latter upon the specificity of the immobilized enzyme for a particular substrate.
Immunosensors have been utilized to recognize everything from small molecules to biological macromolecules to whole viruses. QCM immunosensors display a range of detection sensitivities based upon mass binding. They usually demonstrate up to a one 100-fold linear f vs mass range and the lower limit sensitivities can be a few µg/mL. 121, 123, 129 However, in the case of a bacteriophage immunosensor, sensitivities down to as little as 20 bacteriophage were recorded. 133, 134 This is due to a novel mechanism of detection called rupture event scanning. In this technique, the energy necessary to rupture the interaction between immobilized antibodies binding bacteriophage is determined by increasing the amplitude of QCM crystal surface oscillation. Then a detector is used to detect the acoustic noise produced when the interaction is broken. For bacteriophage, in the first study, detection is quantitative over 5 orders of magnitude with a lower sensitivity of 20 bacteriophage. In the latter study, HSV-1 virus was sensitively detected in the same way as displayed in Figure 17 , parts A and B. These authors claim that the lower limit to the 5 order of magnitude dynamic detection range shown in panel A is in fact 1 HSV-1 virus. For the single virus detection case, panel B shows the rupture event signal magnitude discernible above the background acoustic noise. Because biosensors are studied as potential commercial measurement systems, there are cost concerns. In one study, the focus was on creating a disposable QCM immunosensor capable of detecting human serum albumin in the range from 1 to 250 µg/mL. 123 A peptide immobilized QCM biosensor, using phage display derived peptides, was used as a tissue specific protein biosensor. 149 It was formed on the QCM surface using first a bound biotinylated phospholipid layer, then a streptavidin layer, followed by the biotinylated peptide. This biosensor was capable of detecting tissue specific recognition protein markers in a total protein homogenate of 0.1 mg/mL. Immobilized peptide from murine myofibers produced a significant sensor response only with muscle, but not brain, liver, or kidney tissue homogenates. A similar but lower amplitude response was detected for feline as compared to murine muscle homogenates, indicating species cross reactivity. This type of biosensor may have utility in developing disease diagnostics.
Enzyme biosensors typically utilize an electrochemical reaction of the product species following substrate conversion by the enzyme. Product analyte concentration is measured via the product species' electrochemical oxidation or reduction current at an appropriate potential. Less frequently, enzyme biosensor systems involve the QCM measurement of mass deposition, where the product molecule from the enzymatic reaction is insoluble and precipitates upon the QCM surface. 27, 150, 26 This leads to interesting measurement possibilities, such as the EQCM based detection of cholera toxin. 27 Here the toxin is first recognized by anti-cholera toxin antibody and then recognition by a horseradish peroxidase functionalized liposome. The enzyme-liposome mediates the oxidation of a substrate, 4-chloronaphthol, to form an insoluble product film on the QCM surface. In Figure 18 is displayed the interfacial electron-transfer resistance or electrode resistance because of the precipitating product film at the electrode as a function of increasing cholera toxin dose. Quantitating this resistance by impedance measurements, coupled with chronopotentiometric and f decrease measurements allows these investigators to report an impressive sensitivity detection limit of 1 × 10 -13 M for cholera toxin. Enzymatic amplification of the insoluble signal molecule promotes high sensitivity as well as does the combination of measured parameters in this study.
Nucleic Acid Based QCM Biosensors. Nucleic acids, primarily DNA in the single stranded form, have been incorporated into a number of QCM based DNA biosensors. The goal is nearly always to measure the extent of complementary single stranded nucleic acid formation resulting from a hybridization step involving the sample to be analyzed. This sequence recognition based quantitation approach can be applied to detect any sequence of interest ranging from studies in basic biological research to those aimed at biomedical applications such as analyzing clinical samples. The lower detection sensitivities of these biosensors are in the range of a few ng DNA. 102, 105, 151 Interesting approaches that integrate the molecular recognition hybridization event into the signal transduction pathway of the underlying device have been devised. For example, pyrrole monomers have been chemically linked to single strand oligonucleotides and then electropolymerized with an excess of underivatized pyrrole on an EQCM surface to form a partially derivatized polypyrrole film, which can be used in a subsequent hybridization step. 151 Using both photocurrent spectroscopy measured electrochemically and f changes via the quartz crystal (9 MHz), DNA hybridization was detected in the µM range, although this system was not optimized for sensitivity. This DNA biosensor was demonstrated to be reusable for repeated hybridizations.
Recently, a novel DNA biosensor containing a significant mass amplification step has been described. 152 In this system, a thiolated probe oligonucleotide is immobilized on the gold QCM surface (9 MHz), and hybridization to the target analyte is then performed. This is followed by a subsequent hybridization step involving oligonucleotide derivatized liposomes, where the hybridization involves a different sequence region on the target than was used in the first hybridization to the gold QCM surface. A similar approach was also described in this same reference involving biotinstreptavidin modified liposomes that allows build up of liposomes on a single hybridized biotinylated oligonucleotide target. These approaches lead to a significantly higher detection sensitivity of target oligonucleotide: 1 × 10 -13 M. Cell Based QCM Biosensors. QCM biosensors containing whole cells as the active sensing element have also been developed. This is a less intensely studied area than QCM biosensors involving isolated biological macromolecules. This probably results from the added difficulties involved in adapting the QCM for use with living cells where the sterile technique is required, as well as the unfamiliarity of most QCM user labs with cell culture techniques. A requirement for creating such biosensors is that the cells be adherent to the QCM surface. Attachment to an underlying surface is an intrinsic trait of many normal eukaryotic cells. They carry out this attachment via their internal cytoskeleton linking to the extracellular matrix of proteins that they actively create underneath them during attachment. Normal cells that fail to attach to surfaces typically face the initiation of an apoptotic program that results in cell death. Thus, normal cells do not necessarily require an experimentally designed strategy for their attachment. What cells require is a sufficiently hydrophilic surface upon which to initiate the attachment process. [153] [154] [155] Thus, a typical gold QCM surface, which is moderately hydrophobic, is not optimal for cell attachment and growth and can lead to variable results. Chemical approaches to increase the hydrophilic character of the surface to promote reproducible cell attachment have been successful. 33 Other modifications of the surface to promote cell attachment have also been demonstrated to be effective. For example, in cell attachment studies, the QCM surface was modified with polystyrene, which was subsequently treated with a UV/O 3 protocol to render it hydrophilic. 143 As we have discussed in a previous section, many of the published reports studying cells simply demonstrated that they could be grown on a QCM device surface and produced a f decrease that was far smaller than was consistent with a bound elastic mass the size of the cell. A few studies have demonstrated the relationship between the magnitude of the f decrease and the number of attached cells, rather than the numbers added to the QCM device. 24, 33, 142 In the first two references, the authors demonstrated that the entire f decrease could be accounted for by trypsinization of the cells and their underlying matrix from the QCM surface, returning f to its original value. Cell trypsinization from surfaces for transfer is a standard cell biology techique and is considered diagnostic for demonstrating cell attachment. Only a few reports have appeared in which whole cell QCM biosensors have been created and used to detect or sense interesting properties or molecules. As we mentioned in a previous section, in one study, nocodazole, a microtubule binding and disrupting drug, was detected in the nM-µM range, with an endothelial cell QCM biosensor containing only 20 000 added cells. 147, 148 Also, fibroblast growth factor activity was detected at 3 ng/mL by its stimulation of attached endothelial cells to divide and decrease f over a 72 h period following administration. 24 In addition to mammalian cell QCM biosensors, biofilms, comprised of prokaryotic bacteria contained within their own synthesized extracellular matrix, have been created on QCM surfaces. Both fimbrilated and nonfimbrilated E. coli films were studied interacting with surfaces of varying hydrophobicity as a function of different ionic strengths. 136 Clear differences were detected in f and energy dissipation effects between the fimbrilated and nonfimbrilated cells. Only small shifts were detected for fimbrilated cells, but large changes were exhibited by nonfimbrilated cells. Both cell types were observed to undergo long term changes in these measured parameters, as a result of the establishment of closer contacts between the biofilm and the surface with time. In another study, biofilm formation by Bacillus coagulans, Burkholderia cepacia, and Staphylococcus warneri on the QCM surface were studied as a function of different flow and nutrient conditions. 156 Changes in f and admittance were detected over 70 h, and surface cavities on the micron scale were found to serve as low shear environments for bacterial attachment and biofilm formation.
Finally, it should be mentioned that bacterial growth has been detected with novel QCM sensing approaches. 157, 158 In the former study, the bacteria were not attached to the QCM, but their growth rate was detected via metabolic acidification of the solution. This caused a normally soluble amphoteric polymer to become progressively insoluble as the solution pH was lowered and the pendant carboxylic acid groups on the polymer became protonated. The insoluble polymer caused the f to decrease in a characteristic way that resulted in a cell growth calibration curve. This is not a biosensor as such, but it is a sensor of cell growth. In the latter study, production of ammonia via growth of the urease secreting Proteus bacteria was detected using a QCM sensor containing a Teflon barrier that allowed ammonia diffusion into an internal electrolyte solution whose subsequent conductivity alteration caused a decrease in crystal f. These authors used this sensor to detect the growth inhibitory effects of antimicrobial polyphenols and catechins found naturally in various green and black teas.
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Drug Discovery Applications of QCM. The QCM has been used in a number of studies to test for the presence of drugs over a range of concentrations. This application area, including an evaluation of how QCM could be adapted for drug discovery in the pharmaceutical industry, has been the subject of a recent comprehensive review article. 9 Therefore, we only briefly address this area in the current review. In buffered solutions and other solvents, drugs such as dansylphenylalanine, 159 sialic acid, 160 D and L-phenylalanine, 161 caffeine, 162 procaniamide, 60 trimethoprim, 163 and 5-propranolol 164 have been detected at concentrations ranging from nM to mM. Moreover, drugs such as paracetamol, 165 phenacetin, 166 and o-phenylenediammine 167 have also been detected in either serum or urine in the nM to µM range. Many of the most sensitive drug detection strategies employed in the studies referenced above involve recognition by molecularly imprinted polymers immobilized on the QCM surface. Furthermore, in the case of the detection of cefoperazone, a swellable polymeric coating was used that increased the sensitivity by an order of magnitude. 168 In the case of the whole cell biosensor discussed previously, the drug nocodazole was detected into the nM concentration range, via its effecting a 100% f change due to binding and dissociating the microtubule structures within attached endothelial cells. 147, 148 The use of this whole cell biosensor for drug detection is a very promising approach because it detected the magnitude and kinetics of a whole cell biological response. This is much closer to the type of information pharmaceutical companies require as drug testing output than is currently available from the high throughput screening done on single macromolecular targets, such as receptors, enzymes, etc. Thus, this cell based approach also allows for the use of mutant or drug resistant cells in the biosensor. This allows one to design strategies for drug target validation or drug rescue kinds of studies in a whole cell environment.
In addition to the pure sensitivity issues required in adapting the QCM for drug discovery assays, a number of other issues become important. These include a surface chemistry requirement for the technique and the current lack of a high throughput capability. Relative to other highly engineered techniques that have been placed in widespread use for drug testing, such as fluorescent labels in a 384 well plate robotic reader format, the QCM is only in its infancy as far as development for the demanding drug application area. However, continued development is warranted because the QCM has advantages over more complex instrumental techniques such as mass spectrometry, DSC calorimetry, and optical techniques such as surface plasmon resonance. These include low cost, label free breadth of applicability, and sensing unique mass distribution and viscoelastic behavior aspects of whole cell responses.
Technology Advances and Future Applications
A number of technology developments promise to advance the applications of QCM and related piezoelectric devices. These development areas include utilizing higher f crystals that are significantly more mass sensitive, increasing the effective surface area of the device, utilizing the piezoelectric mechanism in novel ways, and creating higher throughput multiwell devices for commercial applications.
Mass sensitivity has been shown to increase with increasing f of crystal oscillation (30 MHz) using thinner milled crystals. 169 Building upon this observation, a recent report described the development of even higher f crystals and oscillator circuits to monitor them. 132 Although we have discussed a few reports in which 19-30 MHz f crystals were used, they represent the exception rather than the rule to the QCM systems in wide use. In the aforementioned reference, these investigators go well beyond this range. They have created crystals operating in the 39-110 MHz range, the highest reported to date. These higher oscillating f crystals were created using chemical milling in the crystal center. This produced thinner, more sensitive, but also significantly more fragile crystals. In this study, they showed empirically that the resonant f and mass change relationship for quartz crystals (f 2 factor described in eq 1) has in fact a larger exponent of 2.88. Experimental data from which this exponent was derived is shown in Figure 19A , as the f decreases for a given condition of M13 phage binding to surface immobilized coat protein antibodies. There is a dramatic increase in sensitivity going from a crystal oscillation of 19-70 MHz. Practically speaking, this resulted in a 200-fold improvement in detection sensitivity for M13 phage binding to the 56 MHz crystals compared to the same system on 19 MHz crystals. Then, complete M13 phage binding isotherms are presented in panel B for the MHz crystal oscillation range. However, the improved sensitivity notwithstanding, at these higher crystal f values, the conclusion from this interesting study was that overall the practical limit for most uses of QCM lies at around 19 MHz, for which commercial devices exist. At higher frequencies, investigators must build their own oscillator circuits, and at the high end, liquid properties can begin to affect the results. 170 However, the needs of particular application areas, such as in drug discovery, could drive the development of oscillator circuits as off the shelf commercial products. This would place the high f QCM crystal techniques within the budget range and technical constraints of most academic and industrial users.
We have already described the novel QCM technology development called rupture event scanning. 133, 134 In this technique, viruses (herpes simplex virus 1, M13 bacteriophage) are first bound to antibodies recognizing their coat proteins that have been previously immobilized on the surface of a 14.3 MHz quartz crystal. Then the acoustic energy necessary to rupture the bond is determined. Although this technique covers a wide dynamic range and the detection sensitivity approaches that of single HSV 1 virus particle, a practical limitation of this technology is that only large structures such as viruses, but not proteins, will have sufficient inertial mass to be dissociated from the QCM surface with increasing oscillation amplitude. A device based upon this technique is currently under commercial development to be a compact portable biosensor.
Surface enhancement of the electrode deposited on the quartz crystal is another active area of technology development to improve QCM sensitivity. In some approaches, the surface area is being effectively increased via deposition of porous gold electrodes electrochemically or chemical linkage of gold microparticles. 171, 172 These modifications have resulted in 3-fold enhancements, respectively, in the protein assay and DNA hybridization assay results found in these two studies. Surface modification via laser micromachining has also been shown to yield a significant (>2.5) enhancement of the signal response in a given system. 173 We have also previously described mass amplifications strategies, including ones where an insoluble precipitate forms on the QCM electrode. One recent study illustrates the application of this concept to the QCM in a system designed to measure hybridization of normal or mutated DNA to an immobilized oligonucleotide. 174 In Figure 20 , we show for this system the interfacial electron-transfer resistance ∆R et as a function of the DNA concentration. The specific detection of mutants, but not normal DNA sequences, results from the mutants specific molecular recognition and binding of biotinylateddCTP, followed by binding of an avidin-alkaline phosphatase complex. Alkaline phosphatase then carries out the enzymatic conversion of 5-bromo-4-chloro-3-indoyl phosphate to an insoluble indigo derivative, which precipitates on the QCM surface bringing about the ∆R et increase. This system yielded a lower sensitivity limit of 1 × 10 -11 M DNA. Table 3 illustrates the power and the specificity of this system to not only discriminate the mutant from normal but also to discriminate the homozygous from the heterozygous genetic case where the mutation is in a DNA sequence responsible for the Tay-Sachs genetic condition.
It is worth remembering and re-emphasizing the limitations that variations in interfacial parameters, such as surface roughness, surface free energy, surface charge, and viscoelasticity, place upon the interpretation of QCM results. This is a point that has been emphasized elsewhere. 9 As we discussed earlier in this review, these issues confound the interpretation of f shifts in terms of changes in surface mass. It is clear from some of the literature references we have discussed, such as living cells on the QCM surface, that f decreases in no way reflect the real mass attached to the QCM surface. On the other hand, some of the literature references studying simpler biomolecular systems showed rough agreement between QCM measured quantities such as equilibrium constants and the same quantity studied by an independent quantitative method. Clearly, there is a considerable range of observed responses when attempting to quantitatively study different systems using the QCM. It must always be kept in mind that the justification to utilize QCM measurements for conversion to mass quantities/ concentrations is not something that can be assumed but rather must be demonstrated as feasible on a case by case basis. In the future, it would be desirable to have a clear set of experimentally derived principles or a theory concerning these interfacial variables and their effect on QCM parameters to guide the experimentalist in the design of any experiment and its interpretation.
Most of the QCM experiments carried out currently and referenced in this review have been performed in single well devices. Although there is currently an 8 crystal QCM device sold commercially by Elchema, it is limited to just measurement of f changes. 23 We are likely to soon witness the development of much larger array, multiwell format devices, perhaps utilizing FIA for automated sample injection for use in low throughput screening types of applications in the drug industry.
Finally, it should be mentioned that the widespread quartz based QCM devices we have focused upon in this review are not the only sensing devices that have been developed utilizing piezoelectric transducing materials. It was not the purpose of this review to describe these variants of piezoelectric effect devices, such as surface acoustic wave, flexural plate wave, and acoustic plate mode, which are thoroughly discussed elsewhere. 7, 9, 175 However, these variants possess some distinct advantages. Some are more sensitive than the QCM, and they are amenable to MEMS microfabrication techniques that could easily result in large array formats. As a sensitivity example, using a two step mass amplification process involving antibody conjugated 40 nm Au particles in the first step and Ag metallization of the gold particles in the final step, a breast cancer antigen was detected in a displacement assay using a flexural plate wave sensor. 175, 176 This biosensor system equalled or exceeded the sensitivity of radiolabeled antibodies, detecting the antigen down to the 10 -15 M range. Continuing development of applications such as these suggest that, in the future, some of the more sensitive piezoelectric device modes will likely be adopted for wide use in the study of systems that QCM is now being applied to, as we've described in this review. 
